. The close coupled showerhead reactor (Crius II_L) for epitaxial growth of UV LEDs.
The UV LEDs with in-situ low temperature GaN/AlN nucleation layers (NLs) and ex-situ sputtered AlN NL were grown in a close coupled showerhead reactor system (AIXTRON Ltd, Crius II_L) as shown in Fig. S1 . The growth process is monitored by laser reflectance with a wavelength of 633 nm. Figure S2 shows a comparative observation of reflectance traces during the growth of GaN epilayers on different NLs, and the corresponding variation of growth temperature. As shown in Fig. S2 , the growth of GaN epilayers on sputtered AlN NL is different from that on low temperature GaN NL.
There is a high temperature bake before the low-temperature GaN NL. Then the growth of GaN epilayers is started as three-dimensional (3D) mode with a low reflectance, followed by the coalescence of GaN islands at a higher temperature. After the coalescence, the GaN epilayers are grown by step-flow mode with an oscillation of reflectance. However, the 3D growth of GaN on sputtered AlN NL is started as the temperature is increased to about 980℃. The temperature and the growth rate then incrases to convert the growth mode from 3D to step-flow mode, resulting in oscillation of reflectance as shown in Fig. S2 . The peak wavelength of the fabricated UV LEDs was measured by electroluminescence (EL) under a driven current of 20 mA at room temperature. All the LEDs grown on PSS with LT-GaN NL, LT-AlGaN NL and sputtered AlN NL display peak wavelength of emission at about 375 nm, as shown in Fig. S6 . Furthermore, the EL peak intensity of the LED grown on sputtered AlN NL is the strongest, whereas the EL peak intensity of the LED grown on LT-GaN NL is the lowest. The enhancement of EL intensity between LT-AlGaN NL and LT-GaN NL is dominated by the lower absorption coefficient of the NL. However, the enhancement of EL intensity between sputtered AlN NL and LT-AlGaN NL is dominated by the lower TD density, since the UV LED structures of the three samples are similar. Figure S6 . The EL spectra of UV LEDs with GaN/AlGaN/sputtered AlN NLs.
